Background The Montreal cognitive assessment (MoCA) has become one of the most widely used cognitive screening instruments since its initial publication. To date, only a handful of studies have explored longitudinal characteristics of the MoCA. Aim The aim of this study is to characterize the trajectory of MoCA performance across a broad age continuum of older adults. Methods Data from 467 cognitively normal participants were used in this analysis. The sample was grouped into four strata based on the participants' age at baseline (60-69, 70-79, 80-89, and 90-99). Mixed model repeated measures (MMRM) analysis and mixed-effects spline models were used to characterize the trajectory of MoCA scores in each age stratum and in the entire sample. Intrasubject standard deviation (ISD) was used to characterize the natural variability of individual MoCA performance over time.
Introduction
The Montreal cognitive assessment (MoCA) has become one of the most widely used cognitive screening instruments since its initial publication in 2005 [1] . Several studies have reported on its ability to accurately identify individuals with impaired cognition relative to those who are non-cognitively impaired (NCI) [2] [3] [4] [5] . In particular, recent studies have suggested that it is superior to the Mini Mental State Exam (MMSE) in terms of its diagnostic accuracy for identifying individuals with mild cognitive impairment (MCI) [3] [4] [5] . Cross-sectional normative performance of the MoCA in NCI older adults has also been reported by our group [6] and others [7] .
To date, only a handful of studies have explored longitudinal characteristics of the MoCA. In particular, very few have provided information regarding MoCA trajectory in individuals age 80 and older. Costa and colleagues [8] demonstrated that the MoCA corresponded with clinically meaningful disease progression in a small cohort of memory clinic patients over 1-year (n = 25; MCI = 18, 7 = mild Alzheimer's disease). Specifically, a medium effect size (d = 0.43) was noted for the degree of 1-year MoCA score change in the MCI group. Krishnan et al. [9] found a larger, but still moderate effect size (d = 0.63) for the degree of change in MCI patients over 3.5 years. Among NCI individuals, the variability in longitudinal MoCA performance is relatively high with only 40% remaining stable (within one point of first MoCA score) after 1 year [10] . In this same study, 30% of individuals had MoCA scores that were two points higher than the first assessment with the remaining individuals showing a decline of at least two points after 1 year [10] .
Cooley et al. [11] reported annual increases in MoCA scores over several years among NCI individuals, especially between the first and second assessments. Krishnan et al. [9] found that NCI individuals showed little change in MoCA performance over a 3.5-year follow-up period and that a decline of greater than 1.73 points from baseline is indicative of clinically meaningful change. The neural mechanisms underlying the ability to maintain cognitive performance in older age are unclear; however, neuroimaging evidence indicates that the relative stability of the MoCA in NCI older adults is associated with greater volume in a number of different brain regions [12] .
Although these studies have provided good estimates of the natural MoCA trajectory in older adults, octogenarians and nonagenarians do not appear to be well-represented in these samples. The aim of this study is to characterize the trajectory of MoCA performance across a broad age continuum of older adults which includes individuals in their 9th and 10th decades.
Methods

Study sample
Data from 467 cognitively normal participants from the longevity study: learning from our elders [13] were used in this analysis. The primary catchment area for this study is the northwest region of the Phoenix, Arizona metropolitan area, however individuals from regions across Arizona are also enrolled. Interviews are conducted in person with trained volunteers and staff while several questionnaires are filled out by the study participants. Participants are recruited through advertisements, community talks, and referrals from individuals already participating in the study. All participants signed an informed consent form prior to participating. The Longevity Study is approved by the Western and Arizona State University Institutional Review Boards.
For this analysis, participants who had at least two observations with complete MoCA scores ranging between 20 and 30 were used. This range of scores is consistent with normative MoCA performance for older adults [6] . To minimize practice effects, alternating versions of the MoCA were used at each assessment. All individuals were communitydwelling, independent individuals deemed to be cognitively normal based on interview and self-reported medical history of no dementia or other diagnoses that would cause cognitive impairment. In addition, all individuals reported no significant dysfunction in activities of daily living.
Statistical analysis
The sample was grouped into four strata based on the participants' age at baseline (60-69, 70-79, 80-89, and 90-99). Chi-square was used to determine if significant differences in gender frequency were present among the age strata. One-way analysis of variance (ANOVA) was used to assess group differences for baseline MoCA scores, length of follow-up, annualized rate of change, and intrasubject standard deviation (ISD). Tukey test was used to analyze groupwise comparisons.
For each participant, an annualized rate of change for the MoCA was calculated by taking the difference in MoCA scores between the most recent and baseline assessments. This difference was then divided by the duration (years) that elapsed between baseline and the most recent visit.
Mixed model repeated measures (MMRM) analysis was used to characterize the trajectory of MoCA change within each age stratum. MoCA score at each annual visit was used as the outcome while annual visit number, age stratum, gender, education, baseline MoCA score, and annual visit number by age stratum interaction were used as predictors. Variance components covariance structure was used to characterize within-subject variability of MoCA performance between annual assessments.
Least-squares means for the annual visit number by age stratum interaction were derived to estimate MoCA scores at each annual visit within each of the age strata.
Additional analyses to estimate the rate of change for the MoCA over the entire sample were carried out using a mixed-effects spline model. This generated an estimated MoCA score for each age value. However, for brevity we report the estimated MoCA scores in 5-year increments.
Statistical analyses were carried out using SYSTAT 13.1, SAS Enterprise Guide 6.1, and R 3.4.0. Analysis of demographic variables and groupwise comparisons of ISD and annualized MoCA change were carried out in SYS-TAT. MMRM analysis was carried out in SAS using 'proc mixed'. The 'sme' and 'plot.SmeModel' functions in the "sme" package in R were used for the mixed-effects spline model and plot.
Results
Demographic and descriptive statistics grouped by age strata are shown in Table 1 . For the entire sample the average duration of follow-up was 2.77 ± 1.45 years with range of 1-6.5 years. 49% of the sample had at least 16 years of education and 72% of the sample was comprised of females. Length of follow-up was significantly different between age strata with the 60-69 and 70-79 strata having significantly longer follow-up lengths than the 90-99 age stratum (p = 0.03 and p = 0.01, respectively). Baseline MoCA scores were significantly different between the age strata (p < 0.001) with all pairwise comparisons showing significant differences ( (Fig. 1) . The ISD values for each of the age strata indicated that year-to-year individual variation on the MoCA has an approximate range of zero to three points ( Fig. 1) with the majority of individuals showing year-to-year variation of one to two points ( Table 2) .
Results of the MMRM analysis are shown in Table 2 . Across the annual visits, MoCA performance was relatively stable for each age stratum. However, the 70-79 and 80-89 age strata both showed incremental year-toyear decline. The 60-69 stratum was stable across all annual visits while the 80-89 stratum appeared to have the greatest year-to-year MoCA score fluctuation. The 90-99 stratum also showed incremental year-to-year decline, but then showed a one-point improvement between year 4 and year 5.
MoCA scores from the mixed-effects spline model in 5-year age increments are shown in Table 3 . Across the age span of older adults, MoCA performance declines in a linear fashion (Fig. 2) . However, differences in 5-year age increment MoCA scores show that the rate of decline accelerates slightly at approximately age 80 and continues an incremental acceleration at each 5-year increment (Table 3) . Since the mixed-effects spline model produced a linear trajectory of age-related MoCA decline, a linear mixed-effects model was used to generate a prediction equation for age-adjusted MoCA scores. The linear mixedeffects model used MoCA scores as the outcome and age at visit as the predictor with the intercept and slope of each subject as a random effect. Using the model's intercept and slope, an age-corrected MoCA score formula was derived: Age-Corrected MoCA Score = 35.34 + (−0.12 * Age at Assessment) 
Discussion
These longitudinal results extend the findings of previous studies that characterized MoCA trajectory in older adults [9] [10] [11] [12] . A linear trajectory of decline across the 60-99 age span was noted while at the individual level, MoCA scores can vary by approximately zero to three points between assessments among older adults. These results contrast with those reported by Suzuki et al. [10] whose parameters used to define stability (± 1 point change = stable, ≥+2 point change = improvement, ≥ − 2 point change = decline) were within the expected range of individual variation based on the ISD values we report here. Krishnan et al. [9] derived a reliable change index (RCI) for the MoCA and found that a change of ± 1.73 points is clinically meaningful. It is noted that this finding was based on a relatively small (n = 53) and young (age range 55-70) normative sample. Moreover, this reliable change value also falls within the range of year-to-year variation we found.
Our results suggest that a 1-year change of at least four points on the MoCA is beyond the normal range of variation; however, it is unclear whether this actually represents clinically meaningful change.
One of the more positive attributes of this study is the inclusion of a relatively large number of octogenarians and nonagenarians. Given that these age groups are among the fastest-growing in the population [14] characterizing their normative trajectory and variability is important for both clinicians and researchers. Previous work by our group characterized cross-sectional normative performance in octogenarians and nonagenarians [6] and demonstrated that cognitively normal older adults often score below the original cutoff proposed in the validation study of the MoCA [1] . With regard to nonagenarians, their low performance may be explained by having less formal education relative to other age groups. In this study, 42% of the 90-99 age group had at least 16 years of education which is the lowest percentage among the age strata in this study. However, there is still a need to continue pursuing age-adjustment methods that provide better estimates of age-related MoCA performance. Specifically, methods that incorporate the degree of intraindividual variability would help in this regard. The longitudinal results presented in this study provide an extension to our cross-sectional findings [6] by characterizing the natural variability of MoCA scores over time in cognitively normal older adults.
The degree to which MoCA scores remained stable in this sample, particularly among the octogenarians and nonagenarians, is rather remarkable considering that the risk of developing AD is highest among those between the ages of 75 and 84 [15] . One possible reason for this might be a low prevalence of the APOE ε4 genotype among the individuals in this study. Although this cannot be verified since APOE genotyping is not yet carried out in the Longevity Study, it still serves as a possible explanation for the lack of decline noted in the group. In addition, the catchment area for this study is comprised of retirement communities where active lifestyles and continued social engagement are emphasized. As a result, the population from which participants were drawn is likely to be healthier and less likely to show decreased cognitive performance relative to the general population of older adults. Recent neuroimaging evidence suggests that older individuals with superior cognitive function demonstrate greater thickness and connectivity in cortical regions and networks that are critical to memory and executive function [16] . The term "superagers" has been applied to these older adults as many of them demonstrate neuroanatomical findings that are consistent with individuals in their 20s and 30s [16] . This raises the possibility that individuals in our cohort may also have these neuroanatomical attributes which contributes to their ability to maintain cognitive function. Genetic contributions to longevity must also be considered [17] as it is likely that they are also factors that aid in the maintenance of cognitive function in advanced age. Sebastiani et al. [18] found that exceptional longevity was linked to a wide network of genes, each with varying isoforms that conferred differing levels of protection against age-related diseases. It is possible that these same gene networks may also offer protective benefits for cognition either through direct neuroprotective pathways or through a reduced risk of systemic disease (e.g. heart disease) that can also impact cognition. This, or a survivor effect, may also explain why individuals in the 90-99 age group performed relatively well on the MoCA as genetic profiles that confer increased longevity may also provide higher levels of protection against age-related and disease-related pathologies that negatively impact cognition.
There are some limitations to the current study. Our cohort is predominantly Caucasian with very few ethnic minorities which limits the generalizability of the results to more ethnically diverse populations. Rossetti et al. [7] demonstrated that Caucasians had significantly higher MoCA scores than other ethnic groups, so it is possible that the trajectories of scores may differ as well. Another limitation of this study is that our sample, as a whole, has higher socioeconomic and educational attainment than the general population, which may also limit the generalizability of these results to populations where high education levels are less prevalent.
The combination of group-level and individual-level results shown in this study will be of value to both clinicians and researchers. By characterizing both the natural trajectory and natural variability of MoCA performance, clinicians are better informed as to what constitutes normal age-related changes and researchers are provided with data that could aid in the design of trials for cognitive enhancing interventions [19, 20] and those that target Alzheimer's disease pathology [21] .
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